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ONBOARD COLLOIDAL PARTICLE GENERATOR FOR EL;ECTROSTATIC ENGINES 
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ABSTRACT 

The co l lo ida l -e lec t ros ta t ic  rocket appears useful  as an engine for  
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space missions. 

i t s  p o t e n t i a l i t i e s  due t o  unsolved technical problems. 

problems i s  the  adequate and r e l i ab le  production of co l lo ida l  pa r t i c l e s .  

A method of colloidal. pa r t i c l e  generation based on the expansion of 

A t  the  present time f u l l  advantage cannot be taken of 

One of these 

a material through a supersonic nozzle has been investigated and i s  shown 

t o  be capable of supplying pa r t i c l e s  su i tab le  for accelerat ion i n  an 

e l e c t r o s t a t i c  engine. 

supplies a homogeneous vapor t o  a convergent-divergent two-dimensional 

nozzle 15.5 cm, long with a rectangular throat  0.273 by 4.48 cm. 

rate and subsequent p a r t i c l e  growth are  controlled by regulating temper- 

ature, and hence vapor pressure, of the  mater ia l  i n  t he  vaporizer. 

The material  i s  heated i n  a s m a l l  vaporizer which 

Flow 

P a r t i c l e  s i ze  was determined theore t ica l ly  by assuming each col-  

l i s i o n  

diameter proportional t o  t i m e  was obtained. 

s i z e  determination w a s  obtained by"&sual inspection of photographs taken 

i n  an electron microscope. It i s  demonstrated t h a t  pa r t i c l e  s i ze  can be 

control led from 50 t o  500 angstroms and maintain narrow range d i s t r ibu t ions  

su i t ab le  for engine application. 

s i ze  w a s  determined by col lect ing a portion of the  nozzle exhaust beam 

i s  a s t ick ing  co l l i s ion  a f t e r  expansion and a correlat ion of 

The experimental p a r t i c l e  

Experimental ve r i f i ca t ion  of p a r t i c l e  
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. .  * 
(immediately a f t e r  the  nozzle e x i t )  on a f i n e  gr id  coated with a s i l i c o n  

dioxide f i l m .  The gr id  w a s  maintained a t  l i qu id  nitrogen temperature 

* .  u n t i l  t ransferred t o  the  electron microscope. 

controlled par t ia l .  monolayer deposition of material  on the  sample gr id ,  

By means of a carefu l ly  

it w a s  a l so  establ ished t h a t  most of  t h e  propellant was converted i n t o  a 

useable col loid.  

The co l lo ida l  generator was incorporated in to  a small specialized 

e l e c t r o s t a t i c  engine. A negative corona discharge was used t o  charge 

the  co l lo ida l  pa r t i c l e s  and Pierce accelerator  w a s  used t o  accelerate  

these pa r t i c l e s .  A calculated thrus t  density of 9 d ~ ~ l O ' ~  Newtons/mZ 

a t  a spec i f ic  impulse of ?§B seconds w a s  obtained i n  engine operation, 

re6 0 
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INTRODUCTION 

The use of e l ec t ros t a t i c  rocket engines as a propulsion system f o r  

a va r i e ty  of s a t e l l i t e  and interplanetary space missions appears promis- 

ing (Refs, 1 and 2 ) .  

1,000 t o  10,000 sgc 5 are  required (Ref. 3) .  

For missions of t h i s  type spec i f ic  impulses from 

A col loidal-par t ic le  e lec-  

t r o s t a t i c  rocket engine i n  which sub-micron sized pa r t i c l e s  a re  charged 

and then accelerated may be capable of meeting f l i g h t  requirements. High 

power eff ic iency,  high propellant u t i l i za t ion ,  reasonable f i e 1 5  strengths,  .. * A  L 
physical and e l e c t r i c a l  r e l i a b i l i t y ,  l i g h t  weight, and long-duration 

. ) i  

. .- operation are all required of the e l ec t ros t a t i c  rocket engine ( R e f .  4 ) .  

The co l lo ida l -par t ic le  engine f i r s t  of all requires a supply of 

sub-micron p a r t i c l e s  which can be charged and accelerated.  

shown t h a t  extremely high poten t ia l  differences i n  the  order of D U O  

It i s  readi ly  

6 

t o  %lo8 v o l t s  a r e  required for accelerat ion of singly-changed micron 
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sized pa r t i c l e s  (Ref. 5 ) .  If however, pa r t i c l e s  i n  the  order of 0.001 t o  

0.01 microns can be  u t i l i zed ,  then more r e a l i s t i c  accelerat ing poten t ia l s  

can be used. 

s a t i s f y  several  requirements: f i rs t ,  they must be i n  the  sub-micron 

The generation of these co l lo ida l  p a r t i c l e s  must then 

range; second, suf f ic ien t  quant i t ies  of pa r t i c l e s  must be produced t o  

s a t i s f y  mission requirements; and th i rd  the  range and s i z e  d i s t r ibu t ion  

must be such t h a t  r e l a t i v e  th rus t  losses  due t o  exhaust ve loc i ty  d is t r ibu-  

t i ons  are  s m a l l  ( R e f .  6 ) .  

The seleqt ion of a co l lo ida l  par t ic le  must be fur ther  r e s t r i c t e d  

by p rac t i ca l  appl icat ion.  

p a r t i c l e s  a t  w i l l  with the  option of control l ing th rus t  by varying par- 

It wouldbe desirable  t o  produce co l lo ida l  

t i c l e  s ize .  T h i s  implies manufacture "on board" the  spacecraft .  Several 

sources of preformed col loids  are available ( R e f s .  7 and 8),  bu t  neces- 

si tate preparing the  col loid i n  a s t a t e  su i tab le  f o r  a propellant.  This 

preparation i s  complicated i n  t h a t  the co l lo id  i s  usually i n  some so r t  

of a carrier due t o  high react ion r a t e s  and even a f t e r  separation the 

f ine ly  divided p a r t i c l e s  a re  subject t o  agglomeration which makes the  

use of such a preformed mater ia l  d i f f i c u l t  (Ref. 9 )  On board prepara- 

t i o n  should be accomplished with a minimum of complexity and a maximum 

of r e l i a b i l i t y .  

I n  addi t ion t o  the  application of t he  co l lo ida l  p a r t i c l e  engine t o  

shor t  range f l i g h t s  as previously mentioned, there  are a number of long 

range missions for which the  col loidal  engine could be suited.  A col- 

l c i d a l  generator capable of providing a la rge  number of heavy pa r t i c l e s  

would enable an e l e c t r o s t a t i c  rocket of la rge  th rus t  var ia t ions  t o  be 
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used. 

losses  insignif icant .  

By proper material  selection it would be possible t o  make radiat ion 

A stepped l inear  accelerator could be used with 

t h i s  system t o  obtain the potential  difference required t o  a t t a i n  a high 

specif ic  impulse. An analysis of the design of a stepped accelerator i s  

available (Ref. 10); however, an analysis of the mission would be required 

t o  determine the actual  accelerating potent ia l .  

The select ion of a system t o  provide col loidal  pa r t i c l e s  fo r  an 

e l ec t ros t a t i c  rocket engine has been the  subject of extensive research. 

Many methods have been and are  being considered, such as: prepared 

pa r t i c l e s  (Refs. 6, 11, and 1 2 ) ,  formation of charged l iqu id  droplets 

(Refs. 13 through 17), condensation, (Ref. 18) ,  e t c .  The l i t e r a t u r e  

not only contains a number of methods, but a l so  a multitude of theo- 

r e t i c a l  explanations as t o  the mechanism of pa r t i c l e  formation. This 

report  i s  intended t o  describe a col loidal  generator t ha t  del ivers  

p a r t i c l e s  of r e l a t ive ly  narrow s ize  range su i tab le  fo r  e l ec t ros t a t i c  

acceleration. 

I n  considering the design of the col loidal  pa r t i c l e  generator it 

has been observed tha t  the expansion of cer ta in  materials i n  a turbine 

nozzle produced condensation of the materials on the turbine blade 

(Ref. 1 9 ) .  

posed of sub-micron pa r t i c l e s  t ha t  had been formed i n  the exhaust s t r e m .  

Analysis of the deposit indicated tha t  the coating was com- 

Condensation from a supersaturated vapor, obtained by expansion i n  a super- 

sonic nozzle, was used fo r  t h i s  method of pa r t i c l e  generation. I n  t h i s  

design a molecular vapor w a s  introduced in to  a convergent-divergent noz- 

z le  having a rectangular throat  0.273 by 4.48 cm. The pa r t i c l e  growth 
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I rate w a s  controlled by the number of co l l i s ions  during adiabat ic  expansicn 

of the  gas i n  the nozzle. The number of co l l i s ions  are dependent on the 

. vapor pressure, molecular weight, and dwell time. 

An experimental e l ec t ros t a t i c  rocket engine w a s  assembled employing 

the co l lo ida l  pa r t i c l e  generator designed with a means of charging the 

pa r t i c l e s .  The charged pa r t i c l e s  were accelerated i n  a Pierce type 

accelerator .  The e l ec t ros t a t i c  engine design w a s  not considered optimum 

and w a s  used f o r  exploratory purposes only; however, l imited da ta  on 

performance w a s  obtained with t h i s  system. 

COLLOIDAL PARTICLLE ENGINE DESIGN 

Colloidal Pa r t i c l e  Generator 

Condensation from a homogeneous vaporized material  i n  a convergent- 

divergent nozzle was selected as a means of producing par t ic les .  I n  

t h i s  system vaporization, nucleation, condensation, agglomeration, and 

possibly evaporation take place i n  the  order of 1 millisecond; conse- 

quantly, very l i t t l e  generalized experimental. da ta  i s  avai lable  due t o  

the  complexity of the k ine t ics  of the system. 

It can be shown tha t  surface energy can be neglected above a c r i t i c a l  

diameter of 0.02 micron+ ince it w i l l  be  shown tha t  p a r t i c l e s  under 

consideration w i l l  be l e s s  than t h i s  diameter, surface energy could 

play an important ro l e  i n  determining pa r t i c l e  s ize .  Other mechanisms 

could be considered such as discussed i n  R e f .  21; however, the  

following simplified treatment w a s  considered: 

The surface energy of 1 gram of p a r t i c l e s  w i t h  surface tension u, 

and diameter Dp i s  

E = up%, 
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where 
4req 

Ap the surface a m ! g y  of the pa r t i c l e  

E the t o t a l  energy per gram 

p the density of material 

n the number of par t ic les  

Since 

and 

it follows t h a t  

Equation ( 2 )  shows tha t  the surface energy is large fo r  small par t ic les .  

The amount of energy released when two pa r t i c l e s  a and b of the same 

diameter form a new par t ic le  c i s  

(Ea + %) - E, = AE 

The volume of the new pa r t i c l e  must be equal t o  the sum of the equal 

volumes of a and b hence the diameter of the new pa r t i c l e  c i s  

from Eq. (1) for 1 gram of par t ic les  

or the  f rac t ion  of the i n i t i a l  surface energy released i s  

(3) 

-- - 0.206 
a a , b  
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This energy must be l ibera ted  t o  the surroundings or evaporation w i l l  

take place. 

The rate a t  which excess energy must be diss ipated t o  the surround- 

ings i s  determined by the nuniber o f  i n e l a s t i c  co l l i s ions  the p a r t i c l e  

makes. In  the model considered, it i s  assumed tha t  each co l l i s ion  w i l l  

be with a pa r t i c l e  of the  same kind because of the absence of air. As- 

suming t h a t  a par t ic le  of diameter 

pa r t i c l e  whose center l i es  within the distance 

(Ref. 22) tha t  

Dp, w i l l  col l ide with any other 

it can be shown Dp 

where 

N, number of co l l i s ions  per un i t  time 

"p 
u P 

T time 

number of pa r t i c l e s  per un i t  volume 

average veloci ty  of the  par t ic les  

S ince  it w a s  assumed t h a t  a f t e r  a col l is ion the two pa r t i c l e s  w i l l  

r e s u l t  i n  the formation of a single par t ic le ,  the volume of the new 

p a r t i c l e  i s  sum of the volumes of each of the col l iding par t ic les .  

Hence, growth r a t e  can be expressed as:  

It can be shown t h a t  the general equation f o r  growth r a t e  is: 
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sub st i t u t i  ng the f 

P 

M 

W 
P 

where 

DP, 7 

DP,o 

k 

N 

R 

T 

Wt 

pP 

T 

llowing i n  consistent un ts: 

veloci ty  of idea l  gas molecule = - $7 
wPN atomic m a s s  un i t  of par t ic le  = 

par t i c l e  weight = g 1 flD;lip 

the diameter after a given time 

the i n i t i a l  diameter 

z 

20.56X10'12 

Avogadro's number 

gas constant, tiyne-cm/(mole) ( O K )  

temperature, OK 

weight flow of material, g/sec 

pa r t i c l e  density 

time 

Supercooling of the material  was accomplished by adiabatic expansion 

i n  a convergent-divergent nozzle designed by the  method of chmacter i s t ics  

(Ref. 23) .  

expansion r a t i o  w a s  determined. 

by the  nozzle length which i n  turn fixed the throat  area. 

the nozzle i s  shown i n  Fig. l ( a ) .  

operated over a considerable range since the  dwell time could be readi ly  

varied.  Dwell time i s  dependent on t he  acoustical  veloci ty  i n  

the medium which i n  turn i s  a function of the temperature and molecular 

From a consideration of pa r t i c l e  surface energy the nozzle 

The dwell time required was established 

A sketch of 

The nozzle a s  constructed could be 
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weight of t he  material .  A compromise length of about 15 centimeters cor- 

responding t o  a residence t i m e  of 0.00067 seconds w a s  used. No attempt 

w a s  m a d e  t o  optimize a nozzle f o r  a given mater ia l  and p a r t i c l e  s i z e  a t  

t h i s  stage of the  investigation. 

P a r t i c l e  growth takes place i n  the nozzle. 

and the  heaters  are referred t o  as the  co l lo ida l -par t ic le  generator and 

are  shown i n  Fig. l ( b )  with radiat ion sh ie lds  removed. 

temperature (recorded by thermocouples) i s  controlled by radiant  heating 

of' the vaporizer and of t he  nozzle. Three rad ia t ion  shields  are used t o  

prevent heat l o s s  t o  the  surroundings( two over the  heating wires and 

one over t h e  vaporizer end plate .  

The nozzle, t he  vaporizer, 

I n  operation, 

/) 
Operation is  usually under choked flow conditions; consequently, t he  

nozzle throa t  area determines mass flow. C r i t i c a l  r a t i o s  f o r  this noz- 

z l e  are tabulated i n  t ab le  I f o r  a y of 1.32. 

Charging 

The method of charging the  prepared co l lo id  i s  not formdized at the  

(1) nega- present t i m e .  Some of the  methods that have been considered are: 

t i v e  charging by electron attachment; ( 2 )  pos i t ive  charging by electron 

bombardment; (3) posi t ive charging by ion attachment; ( 4 )  l iqu i fy ing  ma- 

t e r i a l  and applying e l e c t r o s t a t i c  potent ia l  t o  break up droplets;  (5) sta- 

t i c  charging by p a r t i c l e  rupture; ( 6 )  s t a t i c  charging by contact with 

surfaces  having high surface f i e l d  strengths;  ( 7 )  f i e l d  emission of elec- 

t rons  from par t ic les ;  (8) f i e l d  emission of ions from par t ic les ;  and 

( 9 )  rad ia t ion  of pa r t i c l e s  by a radioactive source. 
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The optimum method has not been establ ished but  negative charging 

by electron attachment was used i n  t h i s  preliminary e l e c t r o s t a t i c  engine. 

Considering the  r e l a t ive ly  high pressure l e v e l s  at the  exhaust of the 

system, controlled e l e c t r i c a l  breakdown taking the  form of a corona dis- 

charge w a s  used. Cobine (Ref. 24) gives general  equations for  discharge 

currents  t h a t  can be expected with a corona discharge. From a view point 

of current,  po ten t ia l  gradients,  available power supplies, and durabi l i ty  of 

a 3 m i l  tungsten wire was used f o r  t h e  corona discharge. A typ ica l  

operating curve f o r  t h i s  emitter is  shown i n  Fig. 2 .  

Charging eff ic iency w a s  not considered a t  t h i s  state of system 

development; however, t he  charge that  can be placed on a co l lo ida l  

p a r t i c l e  i s  one of the  major factors  i n  e l e c t r o s t a t i c  engine design. 

One of the  control l ing fac tors  i n  e l e c t r o s t a t i c  engine design is space 

charge l imited current.  

Childs l a w  is: 

Space charge l imited current as defined by 

9 0  is = 

where 

is saturat ion current density,  amps/m 

EA potent ia l  difference,  v 

2 

L accelerator  length, m 

The spec i f ic  impulse of an e l ec t ros t a t i c  engine can be expressed as, 

1.414 -$.T;;; 6 
g 

1 5  

I impulse, sec 

g grav i ta t iona l  constant 

( 7 )  
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A p lo t  of spec i f ic  impulse and atomic mass un i t  f o r  various values of 

poten t ia l  difference i s  shown i n  Fig. 3 assuming a s ingly charged p a r t i c l e .  

A range of spec i f ic  impulse for the mission considered i s  a l s o  shown. Un- 

less very high accelerating potent ia ls  are used a l i m i t  must be placed on 

the  p a r t i c l e  m a s s .  

I n  Fig. 4(a)  t he  atomic mass of a p a r t i c l e  composed of molecules 

with an atomic mass of 250 and an assumed density of 5.0 i s  shown f o r  

sub-micron sized par t ic les .  For t h i s  purpose, pa r t i c l e s  and molecules 

were considered spherical .  

quired t o  form such a p a r t i c l e  i s  shown i n  Fig. 4 (b) .  Depending on the  

mater ia l ,  a p a r t i c l e  s i ze  above 0.01 micron need not be considered i f  a 

l i m i t  of =lo6 v o l t s  i s  placed on the accelerat ing potent ia l .  

l i m i t  of 0.001 microns has been selected baaed on the premise that heavy 

molecules could more eas i ly  be used. 

An indication of the  number of molecules re -  

A lower 

Up t o  the  present time it has been assumed tha t  only one charge 

could be placed on the  pa r t i c l e .  

t o  contain the  pa r t i c l e  u n t i l  it is l imi ted  by f i e l d  emission (10 

volts/meter f o r  per fec t ly  spherical  negative pa r t i c l e s  Ref. 25, and 1O1O 

volts/meter f o r  per fec t ly  spherical  pos i t ive  pa r t i c l e s  R e f .  26) then 

lower accelerat ing poten t ia l s  o r  larger  pa r t i c l e s  could be u t i l i zed .  

It can be shown the  minimum radius a spherical  pa r t i c l e  could have based 

on Gauss's l a w  i s  (Ref. 10);  

If some means could eas i ly  be derived 

9 
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where 

the  f i e l d  s t rength f o r  f i e l d  emission, lo9 - 1Olo volts/m 

EA the applied f i e l d  s t rength 

This equation i s  p lo t ted  i n  Fig. 5 f o r  l imi t ing  charge t o  mass r a t i o s  of 

a p a r t i c l e  composed of atomic mass un i t s  of 250 and a densi ty  of 5.0. A 

dashed l i n e  ind ica tes  charge t o  mass r a t i o s  of s ingly charged pa r t i c l e s  

t h a t  f a l l  below the  minimum diameter as predicted from charged spheres. 

The charge i n  the  s m a l l  diameter case must be attached by some other 

mechanism, such as associated with posi t ive or negative ions,  

From these considerations (maximum charge, accelerat ing potent ia l ,  

and spec i f ic  impulse) it i s  concluded tha t  a charge-to-mass r a t i o  of 

10 3 t o  lo4 coulombs/kilogram can be considered at  the  present time, with- 

i n  a pa r t i c l e  s i ze  range of 0.001 t o  0.01 microns. 

Accelerators 

The accelerator  design followed the  Pierce boundary conditions with 

space charge l imited flow (Ref, 27 ) .  

rectangulas s l o t  0.273 by 7.50 centimeters. 

electrodes were spaced at 20 millimeters. 

The accelerator  aperture i s  a 

The Pierce accelerator  

It has been shown ( R e f .  10) that  high f i e l d  s t rengths  a re  very 

des i rab le  i n  improving th rus t  per uni t  area. 

p a r t i c l e s  can sus ta in  f i e l d  strengths of l o9  t o  l o lo  volts/meter, i f  the  

accelerator  could sus ta in  comparable f i e l d  s t rengths  then higher impulses 

w i t h  co l lo ida l  p a r t i c l e s  could be  at ta ined.  

Since per fec t ly  spherical  

For Childs Law accelerators  i t  has been shown that  (Ref. 28) : 
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where 

L 

*Vd*Vne t 

m 

ze 

I 

EA 

acceleratbr  length, m 

accelerator  f i e l d  strength ( r a t i o ) ,  l e t  equal t o  1 

mass 

charge 

impulse 

accelerator  f i e l d  s t rength 

For z equal t o  1, the  accelerator lengths  a re  shown i n  Fig. 6 f o r  a 

range of f i e l d  s t rength and fo r  two spec i f ic  impulse values of 1000 and 

10,000 seconds. If a nominal accelerator length of 1 centimeter i s  as- 

sumed t o  be a p rac t i ca l  value fo r  spacings of accurately machined elec- 

trodes,  it i s  evident t h a t  cesium o r  mercury accelerators  w i l l  have f i e l d  

s t rengths  of lo6 volts/meter only a t  the higher values of spec i f i c  im-  

pulse; while co l lo ida l  pa r t i c l e  accelerators  w i t h  a pa r t i c l e  m a s s  of lo4 

a.m.u. would have a f i e l d  s t rength of nearly 10 volts/meter at a spec i f ic  

impulse of 10,000 seconds. 

6 

From the  preceding discussion, it i s  apparent t ha t  co l lo ida l  par- 

t i c l e  e l e c t r o s t a t i c  rocket engines may have a de f in i t e  p rac t i ca l  advan- 

tage over t he  contact-ionization and electron-bombardment engines with 

regard t o  t h r u s t  per un i t  area.  To further emphasize t h i s  point, ac- 

ce le ra tor  length vs. f i e l d  strength i s  shown i n  Fig. 7 f o r  a spec i f ic  

impulse of 5000 seconds (which i s  of current i n t e r e s t  f o r  some space 

missions) (Ref. 28) .  

f i e ld  s t rengths  ( 3X106 volts/m) , the contact-ionization and electron- 

bombardment engines would require  accelerator  electrode spacings of about 

To take full  advantage of t he  present ly  a t ta inable  
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4 1 millimeter, while a colloidal-particle engine with M = 10 .a.m.u. 

could have electrode spacings of over 5 centimeters. If higher f i e l d  

strengths become prac t ica l  i n  the future, the  col loidal-par t ic le  engine 

w i l l  become eve= more desirable.  
fl 

Colloidal Engine 

The aforementioned components were incorporated in to  a col loidal  

e l ec t ros t a t i c  engine as shown i n  Fig. 8 ( a ) .  The genera&or w a s  i nd i r ec t ly  

heated by an a-c nichrome heating uni t  wound around the vaporizer, and an 

a-c nichrome wire wound around the nozzle. The e n t i r e  un i t  w a s  main- 

tained a t  zero poten t ia l  with respect t o  ground. Three radiat ion heat 

shields  were used t o  l i m i t  heat flow t o  the tank w a l l s .  

The col loidal  pa r t i c l e s  were negatively charged by a negatively 

charged corona wire. These par t ic les  were then accelerated t o  ground. 

A 0.63 centimeter lava p la te  w a s  used t o  cover the en t i r e  exhaust face- 

plate .  Insulat ing bo l t s ,  l ava  blocks, and sapphire b a l l s  were used t o  

mount the various components t o  this plate .  To prevent reverse flow i n  

the  engine an "electron trap'' system w a s  ins ta l led .  This system, shown 

i n  Figs. 8(b) and ( c ) ,  consists of a 0.63 centimeter tube placed around 

the  nozzle ex i t ,  and a wire mesh screen placed over the whole area i n  the 

v i c in i ty  of the exhaust. It was found experimentally t h a t  t h i s  wire 

screen w a s  necessary t o  prevent arcing and t o  confine the corona. This 

t r a p  w a s  maintained at  a high negative potent ia l .  

Colloidal pa r t i c l e s  entered the  charging area with a specif ic  impulse 

of about 25 seconds from the col loidal  generator. The electron and par- 

t i c l e  dens i t ies  were such t h a t  most of the pa r t i c l e s  would have an op- 

portunity t o  co l l ide  with a n  electron before passing through the charging 

zone. 
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The first  accelerator  w a s  maintained at  a high negative potent ia l .  

The corona w i r e  w a s  maintained at  a higher negative potent ia l .  

t h e  corona wire incorporated i n t o  the system the accelerator op t ics  

were d is tor ted .  

spacing was the  physical distance between t h e  accelerator  plates ,  and 

t h a t  the charged pa r t i c l e s  entered the accelerator  a t  zero veloci ty .  

The f i n a l  accelerator  p la te  w a s  maintained a t  ground poten t ia l .  

cooled co l lec tor  was placed downstream of t h e  exhaust. 

Due t o  

It w a s  assumed i n  any calculat ions t h a t  the  accelerator  

A 

To f a c i l i t a t e  experimental operation, a sca le  mock-up of the  

engine was used with a s t re tched rubber-membrane analog. By observing 

the  path of t r a v e l  of p l a s t i c  b a l l s  through the  system, rough operating 

poten t ia l  gradients were established, and minimum impingement on elec- 

t rodes obtained. The def lect ion of a rubber analog follows Laplace's 

equation i n  two dimensions, which only holds i n  a charge free region. 

Since a space charge i s  present t h i s  simplified method cannot hold; 

however, t h i s  procedure can provide a fa i r  approximation. 

PROCEDURE 

Material Select ion 

The se lec t ion  of materials f o r  use i n  the co l lo ida l  generator has 

been based primarily on physical properties. 

only  those m a k e r i a l s  read i ly  available with a narrow boi l ing  range, or 

those which sublime have been considered. 

range from one hundred t o  several  hundred OC at a pressure of  1 m i l l i -  

meter afford the  bes t  means of control i n  the vaporizer without result- 

ing i n  high rad ia t ion  heat losses .  

three materials;  (1) mercuric chloride m.w. 271; ( 2 )  aluminum chloride 

Up t o  the  present time, 

"Boiling" temperatures i n  the  

Limited da ta  have been obtained with 
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m.w. 133; and (3) mercurous chloride m.w. 236. 

these materials are summarized i n  Table 11. 

Physical propert ies  of 

Colloidal pa r t i c l e  s i ze  evaluation. - A l l  sample runs were obtained 

Pres- i n  a s m a l l  b e l l  jar vacuum chamber using a 6 inch d i f fus ion  pump. 

sures  were maintained usually between and mm of mercury. 

The material t o  be used w a s  placed i n  the  vaporizer. The vapor- 

i z e r  and the  nozzle were heated independently t o  a predetermined t e m -  

perature. 

over the nozzle exit .  

The exhaust stream w a s  sampled by placing s m a l l  sample p l a t e s  

Two methods were used t o  i n i t i a t e  propellant flow. F i r s t ,  t he  

mater ia l  was placed i n  a s m a l l  capsule which i n  t u r n  w a s  placed i n  the  

vaporizer.  

opened by an e l e c t r i c  pulse. 

l o i d a l  sampling because the  i n i t i a l  burst of propellant and trapped 

gases would carry r e l a t i v e l y  large chunks of material t o  the sampling 

p la te .  

vaporizer.  The system was evacuated, heat applied, and then the  sample 

w a s  obtained. To prevent material  from deposit ing on the  sample p l a t e  a 

cooled copper p l a t e  w a s  placed between the  sample and the  nozzle. 

p l a t e  w a s  removed f o r  a short  t ime  during ac tua l  sampling. 

sample w a s  taken t h i s  p l a t e  prevented the  co l lec t ing  surface from seeing 

any warm body and thus reduced side e f f ec t s  t h a t  would influence par- 

t i c l e  s ize .  

When operating temperature w a s  reached the  capsule was 

This method w a s  soon discarded during col- 

I n  t h e  second method, material  w a s  placed d i r ec t ly  i n  the  

This 

After the  

A sketch of t h i s  sampling system i s  shown i n  Fig. 9 ( a ) .  

The copper p l a t e  served an additional purpose i n  t h a t  the  material 

would deposit  out on t h e  p la te  since it w a s  usual ly  cooled by l i q u i d  
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nitrogen. 

A macrograph of a deposit  obtained on the  copper p la te  i s  shown i n  

Fig. 9 ( b ) .  

nozzle width. 

and formed smooth globs on the  surface since the  the  deposit w a s  so 

th ick  t h a t  heat could not be readi ly  t ransfer red  t o  the heat sink. This 

type of deposit  i s  typical. of t ha t  obtained along the  length of t h e  s l o t .  

T h i s  deposi t  served t o  indicate  how material l e f t  t he  nozzle. 

The cross-sectional deposit i s  r e l a t ive ly  uniform over t h e  

The deposit t h a t  was exposed t o  the  nozzle has melted 

The sample p l a t e s  were viewed i n  an e lec t ron  microscope t o  ind ica te  

p a r t i c l e  s ize .  

f i lms could not withstand the  pa r t i c l e  impingement and shat tered.  The 

sample p l a t e s  t h a t  seemed t o  give the bes t  results were m a d e  on a 200 

mesh nickel  grid.  The gr id  was approximately 3 millimeters-in diameter 

with a s i l i c o n  dioxide f i lm deposited on the  surface. 

Due t o  the  momentum of the p a r t i c l e s  many co l lec t ing  

Several methods were used t o  suspend the  sample p l a t e  during sampl- 

ing, such as, placement on pa ra l l e l  copper wires, using glucose t o  cement 

the  sample p l a t e  t o  a wire, or using one of the hard waxes. I n  any case, 

t he  useable sampling surface was not allowed t o  contact any mater ia l  o r  

surface except t he  exhaust stream of the  nozzle, because the  sample 

p l a t e  contaminated eas i ly ,  and the s i l i c o n  dioxide film w a s  f r a g i l e .  

Engine operation. - A f t e r  the samples were obtained, the nozzle of 

the  co l lo ida l -par t ic le  generator was incorporated i n t o  the  e l e c t r o s t a t i c  

engine as shown i n  Fig. 8. The power supplies were connected as shown 

i n  Fig. 10. 

col loidaL-electrostat ic  engine operation; however, these supplies were 

r ead i ly  avai lable  and served for  a preliminary t e s t  of the  engine. After 

The power supply voltages are low when considered f o r  
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t he  col loidal  stream w a s  s tabi l ized the  power supplies were turned on and 

the corona discharge operated. Potent ia ls  were selected based on the 

rubber-membrane analog. The charged p a r t i c l e s  were collected i n  a 

cooled chamber. A l l  currents were measured w i t h  micro-ammeters, 

RESULTS AKO DISCUSSION 

A s  previously mentioned, p a r t i c l e  s i zes  from 0.001 t o  0.01 microns 

a re  desired f'rom a mission consideration, and the col loidal  p a r t i c l e  

generator was designed t o  provide t h e  opportunity f o r  t h i s  growth from 

a vapor phase. 

of photographs obtained from sample p l a t e s  located a t  the nozzle exhaust. 

Since the p a r t i c l e s  a re  i n  the sub-micron s i ze  range, these sample 

p la t e s  were viewed i n  the electron microscope. To obtain r e l i a b l e  

photographs with a minimum of side e f f e c t s  (such as melting or aggrega- 

t i o n ) ,  the beam power in tens i ty  was kept low. 

Nozzle perfomance w a s  based on the  v isua l  inspection 

Since the nozzle performance was based on r e s u l t s  obtained from 

the electron microscope, it i s  necessary t o  consider t he  in te rpre ta t ion  

of the image. 

the expansion of a material  through a nozzle i n t o  high vacuum, t h e  

vaporized material a r r ives  on the col lect ing film as atoms or molecules. 

The mean f r e e  path i n  such applications i s  usually great  compared t o  the 

distance between the source and the col lect ing film, hence, the p a r t i c l e s  

t h a t  m e  "viewed" a r e  formed by growth on the col lector .  I n  fact ,  one 

invest igator  i s  conducting a program by using t h i s  observed growth f o r  

p a r t i c l e  generation (Ref. 29) .  I n  t h e  system described i n  t h i s  report  

however, the p a r t i c l e s  a re  formed by co l l i s ion  i n  the gas phase ( R e f .  19 ) .  

I n  such applications as the f lashing of a material, or 
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Since it had been shown t h a t  par t ic le  residence times can be as low as 

40 microseconds for  condensation t o  occur i n  a supersonic wind tunnel 

(Ref. 3 0 ) ,  the  nozzle should be well within any c r i t i c a l  time period. 

It has fur ther  been shown t h a t  metall ic parrticles can be formed i n  an 

i n e r t  gas by atomic condensation (Ref. 31). I n  R e f .  31, many experi- 

mental micrographs are  shown t o  indicate the e f f ec t  of pressure on the 

formation of par t ic les .  For t h i s  reported da ta  a known amount of ma- 

t e r i a l  was vaporized and the presence of an i n e r t  helium atmosphere w a s  

used t o  control co l l i s ion  r a t e .  

COLLOIDAL GENERATOR 

Three materials, t h a t  have been used i n  the  col loidal-par t ic le  gen- 

e ra to r  are presented i n  the following discussion. 

Mercuric chloride. - Micrographs of mercuric chloride are shown i n  

Fig. 11. I n  t h i s  f igure,  the  fi lm has been shadowed t o  br ing out par- 

t i c l e  d e t a i l .  The supporting fi lm i s  c lear ly  shown as a f ine ly  broken 

mosaic pat tern (Fig. l l ( a ) )  . This  pa t te rn  is  charac te r i s t ic  of t h a t  

formed by atoms on a surface; since the col lect ing f i l m  i s  formed i n  a 

high vacuum t h i s  i s  the  pat tern that would be expected, and accounts f o r  

the background pat tern viewed i n  t h i s  micrograph. 

The p a r t i c l e s  which are  formed a re  of the filament and clumped 

va r i e t i e s .  

due t o  the migration of molecules on the  surface, since two degrees of 

freedom are  s t i l l  present and the system favors the reduction of sur- 

face energy. The sample p la tes  were not cooled, except by conduction 

t o  t h e  pump housing; some vaporization or condensation could have taken 

place as a r e s u l t  during exposure t o  the  exhaust stream. 

The pa r t i c l e s  appear t o  form a continuous aggregate probably 
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The p a r t i c l e  s i ze  d is t r ibu t ion  i s  shown i n  Fig. 12 .  The number 

of particles within a given area were counted and t h e i r  s i ze  noted, this 

number was then averaged on the  bas i s  of a hundred typ ica l  pa r t i c l e s .  

By se lec t ing  a given s i ze  gr id  all p a r t i c l e s  within a given diameter 

range were counted. 

p a r t i c l e  d i s t r ibu t ion .  The actual  d i s t r ibu t ion  f ac to r  was defined as 

follows : 

This diameter range w a s  then used t o  normalize t h e  

Distr ibut ion Factor = 

where 

AD 

% the  number of pa r t i c l e s in  the AD region 

The d i s t r ibu t ion  curves are an indicat ion of approximate p a r t i c l e  s ize .  

the  maximum p a r t i c l e  diameter - the  minimum p a r t i c l e  diameter 

The p a r t i c l e  s i z e  w a s  var ied by temperature control .  

The calculated p a r t i c l e  s i ze  (Eq. ( 6 ) )  i s  shown i n  Fig. 13 for two 

values of k bracketing the  test range. T h i s  simplified correlat ion 

appears t o  be capable of predicting the  p a r t i c l e  s i ze  from a given set 

of operating conditions. 

Aluminum chloride. - I n  Fig. 14, a micrograph of aluminum chloride 

and a p a r t i c l e  s i ze  d i s t r ibu t ion  is shown. The sample was obtained with 

o n l y  conduction cooling t o  the vacuum casing, and., the  col lect ing f i lm 

w a s  a p l a s t i c  material .  

w a s  obtained. 

An average p a r t i c l e  diameter of 0.005 microns 

It w a s  necessary, however, t o  keep the  sample dry due t o  

a f f i n i t y  f o r  moisture. The pa r t i c l e s  were r e l a t i v e l y  easy t o  handle and 

t h e  mater ia l  w a s  not par t icu lar ly  poisonous. 

operate the e l e c t r o s t a t i c  par t  of t he  engine. 

This mater ia l  w a s  used t o  
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Mercurous chloride.  - I n  Fig. 15, several  micrographs a re  shown. 

I n  these runs ex t ra  care w a s  taken t o  keep the sample p la te  cool. 

nitrogen (2N2)  w a s  used t o  cool a copper screen basket i n  which the sampl- 

ing p la tes  were mounted. 

d i r ec t ly  t o  a 2N2 coi l .  The sample p l a t e  w a s  shielded i n  all direct ions 

from radiat ion and the copper plate  which covered the generator e x i t  was 

also 2N2 cooled. 

and ( b ) .  I n  these photographs mercurous chloride i s  viewed on a layer  

of mercurous chloride pa r t i c l e s  since multi layers of material  were de- 

posited on the s i l i con  dioxide film. 

s i m i l a r  substance the outer molecules tend t o  fuse onto the underneath 

layer  ra ther  than migrate as shown i n  preceeding examples. Liquid 

nitrogen was used u n t i l  a f t e r  the sample p l a t e s  were brought up t o  

atmospheric pressure. The s l ides  were then viewed i n  the electron micro- 

scope. 

Liquid 

The actual copper mounting wires were connected 

Samples f o r  two s i m i l a r  runs are  shown i n  Figs. 15(a) 

When the pa r t i c l e  are  on top of a 

The pa r t i c l e  s i ze  d is t r ibu t ion  i s  shown i n  Fig. 16 .  These pa r t i c l e s  

may be somewhat la rge  fo r  propulsion applications but t h i s  operating 

condition w a s  selected because of the ease i n  controll ing var iables  and 

the f ac t  t h a t  the vaporizer conditions were i n  the viscous flow region. 

The p a r t i c l e s  were reproduced under four separate runs at a b o i l e r  tem- 

perature of 488O K. 

sample p la tes  were weighed and instal led.  

taken as an experimental cal ibrat ion of the flow r a t e  of the vaporizer. 

A comparison of the actual  flow ra te  and the  calculated f l a w  r a t e  fo r  a 

range of viscous t o  f r ee  molecular flow i s  shown i n  Table I11 f o r  three 

vaporizer temperatures. 

A t  one of the check points, several  additional 

The increase i n  weight w a s  
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Colloidal -Generator Efficiency 

The colloidal-generator efficiency w a s  defined as the f rac t ion  of 

the t o t a l  material  t ha t  went i n t o  col loidal  pa r t i c l e  formation. Rather 

than introduce a whole new se t  of unknowns such as would be required t o  

completely charge the exhaust products and then measure charge-to-mass 

r a t io s ,  it w a s  decided t o  t r y  t o  measure co l lo ida l  production by means 

of the electron microscope. 

The electron microscope is capable of a resolution t o  0.0015 microns. 

Most atoms and many molecules have a diameter of around 0.0004 microns. 

If most of the material  could be accounted f o r  i n  the form of pa r t i c l e s  

then it w a s  assumed tha t  t h i s  was  the generator efficiency. However, 

as  previously mentioned, atoms depositing on a surface w i l l  aggregate 

t o  form "visible" par t ic les .  To l i m i t  th i s  unwanted side ef fec t ,  a 

sample w a s  obtained w i t h  mercurous chloride w i t h  maximum precaution t o  

keep the sample cold, t o  reduce surface diffusion and subsequent agglomer- 

a t ion.  The experimental nozzle f l a w  rate w a s  used, and the sample p la te  

exposed t o  the  stream only long enough t o  permit a mono-colloidal layer  

equivalent t o  70 percent coverage. The sample p la te  w a s  then brought up 

t o  atmospheric pressure and allowed t o  come t o  equilibrium room tempera- 

ture. 

Single molecules have a very high surface energy and tend t o  evaporate 

o r  rebound readily.  

was assumed tha t  the vapor pressure of the material, i n  the v i c i n i t y  of 

the  sample p la te  would be low due t o  cold surfaces. This  i n  tu rn  would 

prevent pa r t i c l e  growth a f t e r  deposition due t o  attachment by s t r ay  mole- 

cules.  

Since all parts  were cooled by l iqu id  nitrogen it 

When the sample w a s  allowed t o  come t o  equilibrium room 
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temperature and room pressure any molecules on the sampling surface would 

escape in to  the atmosphere and chances of col l iding with the already 

formed pa r t i c l e  would be remote. The pa r t i c l e  i t s e l f  would probably 

be i n  a s tab le  s t a t e  since it has been shown that  surface e f f ec t s  m e  

diminished above a c r i t i c a l  s ize  (Ref, 20). 

The sample p l a t e  was then viewed i n  the electron ml,croscope. I n  

the presence of the electron beam the pa r t i c l e s  were observed t o  migrate 

forming a filament network. 

extremely hard t o  define due t o  no contrast .  

a l l  t races  of material  were covered with a opaque l i n e  as shown i n  

Fig. 17 .  

the diameter of the p a r t i c l e ,  

over the fi lm area. From these observations it was calculated that at 

l e a s t  70 percent of the deposited material w a s  accounted f o r  i n  the 

form of co l lo ida l  par t ic les .  

This filament network of pa r t i c l e s  was 

To e v d u a t e  the deposit 

It was assumed that the depth of pa r t i c l e s  w a s  the  same as 

The l i g h t  transmission w a s  then integrated 

One a l te rna te  method of determining pa r t i c l e  formation was at- 

During the 2N2 tempted, but no quant i ta t ive resu l t s  were obtained. 

cooled sampling phase of the program, it w a s  observed that mercuroue 

chloaide deposited readily on the cold surfaces. 

t o  cool a wire screen and col lect  the amount of material  t h a t  passed 

through the screen. 

pa r t i c l e s  (controlled by vaporizer temperature) the amount of material 

which could be collected before plugging of the screen occurred, would 

be an indicat ion of pa r t i c l e  size.  Large pa r t i c l e s  would s t i c k  t o  the  

wire screen and soon plug up the opening, whereas, a large number of 

very s m a l l  pa s t i c l e s  would pass through before plugging would occur. 

An attempt was made 

By operating the system with d i f fe ren t  sized 
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The system w a s  operated a t  a condition where f r ee  molecular f l a w  

The system was operated f o r  a considerable existed i n  the vaporizer. 

length of time and a large amount of material  w a s  passed through the  

screen with no v i s ib l e  e f fec t  of blockage. 

large p a r t i c l e  s ize  was expected, the screen plugged within a matter 

of minutes and only a very s m a l l  quantity of material  passed through 

the screen. 

A t  another condition where 

An analysis of the system, assuming each co l l i s ion  a s t icking 

col l is ion,  w a s  shown t o  predict  the trend of the r e su l t s  observed; 

however, on an absolute bas i s  the quantity of material  collected did 

not correspond with tha t  predicted. 

w a s  too high, T h i s  could be explained by assuming each co l l i s ion  was 

not a s t icking co l l i s ion  and tha t  the heat l o s t  by each s t icking col- 

l i s i o n  heated the immediate area so that no s t icking could occur for a 

short  time. This s idel ight  i s  included t o  fur ther  show t h a t  p a r t i c l e  

s i z e  can be controlled i n  the nozzle and t h a t  several d i f fe ren t  techniques 

can be used t o  point t h i s  out. 

The amount of material  t h a t  passed 

Colloidal-Electrostatic Engine Performance 

The col loidal-par t ic le  generator w a s  incorporated in to  an electro-  

This engine s t a t i c  engine configuration as previously shown i n  Fig. 8. 

w a s  used primarily t o  check components and w a s  not necessarily con- 

sidered as a prac t ica l  design. A curve showing a typica l  space charge 

l imi ted  flow current for  this engine i s  shown i n  Fig. 18; however, the  

accelerator w a s  actual ly  operated a t  l e s s  than space charge l imited 

flow. For all calculations it was assumed tha t  the pa r t i c l e s  were 
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singly charged. A t  t h i s  point, no instrumentation to permit evaluation 

of the charge-to-mass d is t r ibu t ion  i n  the exhaust strem w a s  used. Data 

obtained with this configuration i s  tabulated i n  Table IV. 

It has been shown t h a t  a corona discharge could t ransfer  almost 

100 percent of i t s  charge t o  a gaseous stream (Ref.. 32) .  I n  t h i s  con- 

f igurat ion it w a s  decided t o  use the electrons from the  corona discharge 

since the electron energy can be kept low, thus preventing fragmentation 

of the par t ic le .  I n  Fig. 1 9  the  col lector  current i s  shown with a 

negatively charged col loid f o r  a given corona discharge current, A 

corona charging efficiency,ric of 50 t o  70 percent was obtained for 

th i s  configuration. This efficiency i s  defined as 

ic + ii 
nc = 

it 

where 

n, corona efficiency 

i, col lector  current 

i t  

it t o t a l  corona current 

It has been assumed tha t  impingement on the f irst  accelerator p la te  was 

probably due t o  s t ray  electrons and could not be considered as transported 

by the col loidal  beam. Since the col lector  and the l a s t  accelerator 

p l a t e  a re  a t  ground potent ia l  it would be possible for  s t ray  electrons 

t o  be metered as beam current. This i s  probably not the case since a 

strong magnetic B f i e l d  was placed perpendicular t o  the E f i e l d  and 

no drop i n  current a t  the collector w a s  noted. If f r e e  electrons had 

impingement current on ground accelerator 
g 
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been present they would have been def lected away from t h e  co l lec tor  

p l a t e  because of t h e i r  l i g h t  mass, while t he  charged co l lo ida l  pa r t i c l e s  

would continue without appreciable def lect ion.  

ing of the  corona discharge w a s  attempted at t h i s  stage, the e f f i c i enc ie s  

obtained imply t h a t  a r e l a t i v e l y  high percentage of e lec t ron  

occurred. 

Since only minor focus- 

attachment 

The operation of the corona discharge waa subJect t o  a number of 

The wire s i ze  f o r  a given s e t  of operating conditions was problems. 

c r i t i c a l .  This i s  one of the  var iables  t h a t  can be used t o  control 

corona discharge. 

t e n t i a l  gradient can be controlled by wire diameter. 

s m a l l ,  a spark w i l l  i n i t i a t e  and tend t o  burn out the w i r e ;  whereas, i f  

t h e  wire i s  t o  l a rge  no discharge can be maintained. 

operating conditions it w a s  observed t h a t  a controlled discharge could 

be maintained w i t h  a negative d-c voltage on the  w i r e ;  whereas, a posi- 

t i v e  discharge could be s tab i l ized  only at a condition where the  system 

w a s  at a high pressure. The pressure required f o r  s t a b i l i z a t i o n  of the  

negative corona w a s  such t h a t  the apparent nozzle exhaust conditions 

provided the required environment. 

A s  previously mentioned, the operation of the  engine served only 

Depending on the power supplies avai lable  t h e  po- 

If the  w i r e  i s  too 

Under ac tua l  

t o  determine if the method of col loidal  p a r t i c l e  generation could be 

adapted t o  an e l e c t r o s t a t i c  engine configuration; consequently, perform- 

ance and operating e f f i c i enc ie s  were considered secondary at t h i s  

s tage.  

leads. Also the  metering system, i n  par t icu lar  t he  micrometers,  would 

I n i t i a l  operation w a s  l imited due t o  placement of high voltage 
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readi ly  burn out i f  an a rc  propagated. Many of these problems were 

eas i ly  remedied and operation up t o  35 ki lovol ts  w a s  possible. 

An attempt was made t o  calculate the overal l  operating efficiency 

of t h i s  e l ec t ros t a t i c  rocket engine configuration. This efficiency was 

determined as follows: 

where 

ne engine eff ic iency 

Pb beam power 

Pc corona power required t o  produce electrons 

power l o s t  by impingement pi 

PA accelerator power losses  

'rad radiat ion losses  

propellant u t i l i z a t i o n  

The beam power w a s  determined by the measured col lector  current 

using the potential. difference between the corona w i r e  and the col lector .  

The corona power was determined from the corona voltage and current 

readings. Impingement currents were converted t o  power assuming corona 

voltage. Accelerator power losses were determined from voltage and 

current measurements, when applicable. The radiat ion power losses  were 

determined from the voltage and current measurements necessary t o  ma in ta in  

t he  bo i l e r  and the  nozzle a t  a given temperature leve l .  
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The mass flow of aluminum chloride through the nozzle was-est i -  

mated using the  experimental flow r a t e  data f o r  mercurous chloride 

(Table 111). 

t r ibu t ion  curve as fo r  uncharged pa r t i c l e s  the mass f l o w  r a t e  of charged 

p a r t i c l e s  was then estimated from the col lector  current. 

of these two mass flows is taken as the propellant u t i l i z a t i o n  effi- 

ciency. 

culated f o r  a col lector  current of 75 microamperes. 

Assuming s ing ly  charged p a r t i c l e s  and the same dis- 

The r a t i o  

A propellant u t i l i z a t i o n  eff ic iency of  56 percent was  cal-  

The calculated engine efficiency f o r  t h i s  condition is  30 percentr 

I n  addition t o  This calculat ion i s  subject t o  a number of l imitations.  

the assumptions mentioned above, the ac tua l  p a r t i c l e  s i ze  d i s t r ibu t ion  

might not prec ise ly  correspond t o  t h a t  i n  the  l imited sample taken. 

The eff ic iency of th i s  engine may have been l imited by electron densi ty  

which would be r e l a t i v e l y  easy t o  increase. 

Another f ac to r  of i n t e r e s t  in engine performance is the t h r u s t  per  

u n i t  area. The thrust per  un i t  area (T/A) i s  defined as:: 

T/A = MgI 

where 

M 

g gravi ta t ional  constant 9.8 m/sec/sec 

I ef fec t ive  spec i f i c  impulse, sec 

Using aluminum chloride as  a propellant and an accelerating poten t id l  

of 35,000 vol t s  an effective specif ic  impulse of 420 seconds was cal- 

culated f o r  a propellant u t i l i z a t i o n  e f f ic iency  of 56 percent. 

I 6. 
t o t a l  mass flow per  un i t  area a t  nozzle exi t ,  kg/rn2bsec -:m/A' 

A t  this 
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mi 0 

condition the  th rus t  per u n i t  area i s  ~zMx~O'~ Newtons/xnX, assuming t h a t  

each p a r t i c l e  is  s ingly charged. 

Previously, a number of advantages of the co l lo ida l  e l e c t r o s t a t i c  

rocket have been mentioned. 

might be considered, radiation loss. I n  t h i s  pa r t i cu la r  configuratiorl 

a rad ia t ion  loss  corresponding t o  1.23 w a t t s  w a s  obtained, no pa r t  was 

hot te r  than 150' C and the vaporizer i t s e l f  was maintained between 100' 

and 125' C .  

t h i s  approach. 

s i b l e  t o  operate at s t i l l  lower temperatures. Thus, an engine of t h i s  

type can bypass the complicated shielding problems t h a t  would a r i s e  if  

high temperatures were used. 

A t  t h i s  point one addi t ional  advantage 

Therefore, radiat ion lo s ses  can be grea t ly  diminished using 

By the proper select ion of mater ia ls  it would be pos- 

CONCLUSIONS 

The col lo ida l -par t ic le  e l ec t ros t a t i c  engine i s  a poten t ia l ly  high 

t h r u s t  space engine capable of  f u l f i l l i n g  many mission requirements. 

One of t he  requirements for  successful operation of t he  engine i s  that 

a copious quantity of su i tab le  pa r t i c l e s  be avai lable .  

described a method of co l lo ida l  pa r t i c l e  generation t h a t  i s  adaptable 

t o  space f l i g h t .  

This report  has 

The expansion of a mater ia l  through a supersonic nozzle has been 

shown t o  be capable of supplying co l lo ida l  pa r t i c l e s .  

and p a r t i c l e  growth take place i n  the  gas phase and a r e  controlled by 

the  s t a t e  of the mater ia l  i n  t h e  vaporizer. P a r t i c l e  s i zes  a re  con- 

t r o l l e d  from 50 t o  500 Angstroms. 

Condensation 
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Fran inspection of electron microscope photographic images it w a s  

determined t h a t  at l e a s t  70 percent of the  mater ia l  was converted t o  a 

useable col loid.  

A small e l e c t r q s t a t i c  engine w a s  b u i l t  incorporating the  co l lo ida l  

p a r t i c l e  generator. 

u n i t  area of k ~ % l O - ~  Newtons/m2 at % spec i f ic  impulse of %XI seconds. 

This engine w a s  operated at a calculated t h r u s t  per 
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TABU It - CRITICAL MTIOS FOR COLLOIDAL 

PARTICLE NOZZIX 

Temper ature/Temperaturet otal 

Pres sure/Pre s suret otal 

Dens ity/Densitytot al 

Velocity/Speed of sound+otal 

Area/Area a t  speed o f  sound 

0.8621 

,5421 

.6289 

-9285 

1 .oooo 

Exhaust 

0.6121 

.1321 

215 7 

1.5570 

1.7384 

Typical residence t i m e  0.00067 seconds. 

< 

TABLE 11. - PHYSICAL PROPERTIES OF 

SEVERAL MATERIALS 

Material 

Molecular 
weight 

Temp. OK, f o r  a 
vapor pres. of 

760 mm 
76 mm 

7.6 mm 
.76 mm 

0.076 mm 

Density, g/cc 

Heat of formation 
kg calor ies  

HgC12 

271.5 

577 
501 
447 
404 
369 

5.44 

53.4 

A m 3  

133 

453.3 
421.2 
393.6 
369.9 
349.9 

2.44 

166.8 

H g C l  

236 

656.7 
573  
509 
461 
420 

7.55 

31.3 
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Tempera- W t  flow gm/sec 
tu re ,  viscous flow 

OK 

TABLE 111. - COMPARISON OF CALCULATED AND EXPERlMENTAL 

FLOW RATES FOR MERCUROUS CHLORIDE 

W t  flow gm/sec 
f r e e  mole flow experimental 

W t  flow gm/sec 

3 60 

400 

488 

7 . 4 4 ~ 1 0 ' ~  9.3~10-5 1. 82X10'5 

5.78><10-~ . 7Y(10-4 1. o ~ x ~ o - ~  

1. 65x10-1 2 . 4 5 ~ 1 0 ~ ~  2. 86x10-1 

TABLE IV. - DATA OBTAINED AT TWO OPERATING CONDITIONS 

[ 3 - m i l  corona wire. 1 

Trap potent ia l ,  5 kv 
I I 

F i r s t  ac- 
ce le ra tor  
current  
a t  -5.0 

kv poten- 
tial, 
i t a ,  

PmPS 

Corona I Trap Corona ef- 
cur- f iciency, 
rent ,  
i, 

pamps 

0 67 
0 62 
0 60 
0 50 
+ 46 

current,  gine, 

13 
1 4  
15 
16  
16.5 
1 7  

Impinge - 
ment on 
accelera- 
t o r  a t  
ground 

poten t ia l  
current , 

i i g ,  
Vamps 

3 2 1 0 
4 2.5 0 0 
5 2 .o 0 1 

10 5 .O + f 
24 6 4 5 
40 15 4 10 

1 2  
13.1 
1 4  
14.8 
15 
15.2 

3 0 
10 4 
26 10 
40 1 7  
70 28 

100 50 

0 

1 
2 
6 
10 
10 
12 

63 

0 0 1 0 
0.5 0 1 45 
4 -4 7 54  
6 -4 12  58 

15  -8 28 62 
25 -12 40 75 

Trap potent ia l ,  10 kv I - -  
I I I < I 
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(a) Operating temperature, 400' K. 

Figure 11. - Particle size of mercuric chloride. 
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(b) Operating temperature, 430' K. 

Figure 11. - Concluded. Pa r t i c l e  s i ze  of mercuric chloride. 
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Figure 12. - Particle distribution of mercuric choloride. 
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(a) P a r t i c l e  s i z e .  
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(b) Particle d i s t r i b u t i o n  of aluminum chlor ide .  

Figure 14. - P a r t i c l e  s i z e  of aluminum chlor ide .  



(a) Run 1. 

Figure 15. - Particle size of mercurous chloride. 



(b) Run 2. 

Figure 15. - Concluded. Par t ic le  size of mercurous chloride.  
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